Summary The origin and cell lineage of stromal cells in the bone marrow is uncertain. Whether a common stem cell exists for both haemopoietic and stromal cells or whether these cell lines arise from distinct stem cells is unknown. Using in situ hybridisation for detection of the Y chromosome, we have examined histological sections of bone marrow from seven patients who received marrow transplants from HLA-matched donors of the opposite sex. Stromal cells (adipocytes, fibroblasts, endothelial cells, osteoblasts and osteocytes) were identified in these recipients as being of host origin. This result is consistent with the concept of a distinct origin and separate cell lineage for cells of the haemopoietic and stromal systems. It also shows that engraftment of marrow stromal cell precursors does not occur and that host stromal cells survive conditioning regimens for marrow transplantation. With the exception of one case, with a markedly hypocellular marrow, mixed chimaerism was seen in haemopoietic cells, indicating that this is not a rare event after marrow transplantation.
Stromal tissue in bone and marrow consists of a heterogeneous collection of loose and dense connective tissues including fibroblasts, adipocytes, endothelial cells and cells of bone and cartilage (Owen, 1985) . Little is known of the cell lineage of each of these cellular elements. The ontogenic relationship of cells of the stromal system to cells of the haemopoietic system is also uncertain. In particular, it is not certain whether a common stem cell exists for both the haemopoietic and stromal cell systems in the post-natal animal (Dexter, 1982; Loutit et al., 1982) .
One approach to this question has been the investigation of the origin and lineage of stromal cells present in the haemopoietic microenvironment following bone marrow transplantation. A donor origin for these cells suggests that there is a common stem cell for both haemopoietic and stromal cell systems in the marrow. Support for this concept has come from both cytogenetic and enzyme marker studies of adherent stromal cells in long-term marrow cultures derived from allogeneic transplant recipients (Keating et al., 1982; Piersma et al., 1983; Marshall et al., 1984) . However, results of similar in vitro experiments in both animals (Friedenstein et al., 1978; Bentley et al., 1982; Chertkov et al., 1985; Perkins & Fleischman, 1988) and humans (Golde et al., 1980; Laver et al., 1987; Simmons et al., 1987) have shown a host origin for stromal cells, suggesting that a common precursor cell does not exist for both systems.
The cells collectively called stromal cells in the above studies represent a heterogeneous population of cells which share the common property of adherence to the substratum in vitro (Dexter, 1982; Tavassoli & Friedenstein, 1983) . It is not possible to characterise fully and identify the cells which form the adherent cell population in these cultures, and it has been shown that they do contain cells of haemopoietic origin (Tavassoli & Friedenstein, 1983; Perkins & Fleischman, 1988) . In this study, we have addressed this problem by examining intact bone marrow trephines without cell dissociation or culture. We have determined the origin of haemopoietic and stromal cell elements in allogeneic sexmismatched bone marrow transplant patients using DNA in situ hybridisation with a Y chromosome probe to distinguish donor from recipient cells. This technique enables the origin and phenotype of the cells to be determined in their natural microanatomical location and avoids the uncertainty surrounding the nature of the adherent cell population found in long-term marrow cultures (Dexter, 1982) .
Mixed haemopoietic chimaerism, i.e. the presence of haemopoietic marrow or blood cells of both donor and recipient origin following bone marrow transplantation for haematological malignancies, is a well recognised phenomenon (Branch et al., 1985; Petz et al., 1987) . The frequency and degree to which this occurs and its relationship to graft versus host disease and survival after transplantation is uncertain. In this study, we have also examined and quantified the degree of haemopoietic chimaerism in the transplant patients studied.
Materials and methods

Patient details
Nine bone marrow trephine biopsies examined were derived from seven patients (four female, three male) being treated for acute leukaemia. These patients had received bone marrow transplants from HLA-matched donors of the opposite sex. All recipients were conditioned with high dose cyclophosphamide, 60 mg kg-' for two days, and total body irradiation (maximum 750 cGy at a dose rate circa 17 cGy min-' in air) (Prentice et al., 1984) . All marrows were treated with the Royal Free T depletion protocol using monoclonal antibodies RFT12 or MBG6 (anti-CD6) and RFT8 (anti-CD8) and two rounds of rabbit complement. The age range of those transplanted was 10-43. All grafts were self sustaining. No patients received routine prophylactic treatment for graft versus host disease post-transplantatation. Bone marrow trephines were taken to check engraftment or to investigate suspected graft failure. Clinical and biopsy details of each patient are shown in Table I . Follow up post-transplantation has shown that cases 103, 109 and 185 are well and remain free of disease. Case 93 was an AML who subsequently relapsed. The time of the relapse was dated three weeks after the time of initial biopsy. Case 116 initially rejected his allogeneic marrow at the time of biopsy and subsequently had an autologous bone marrow transplant. Case 99 was an ALL patient who relapsed and had a second bone marrow transplant which is the one biopsied. He subsequently died of cytomegalovirus pneumonitis.
Control bone marrow trephines of normal cellularity were also studied from three male and three female patients being investigated for anaemia. These were similarly decalcified and processed before non-isotopic in situ hybridisation. . After digestion, the sections were washed in distilled water (3 x 5 min) and rinsed (2 x 5 min) in phosphate buffered saline solution (PBS), then dried in a warm oven.
Non-isotopic in situ hybridisation (NISH)
A Y 'specific' probe, pHY 2.1, was labelled with dUTP biotin by nick translation as described in detail elsewhere (Ferguson et al., 1986) . Two methods were used to detect hybridised biotinylated probes. In the first, the hybridised biotinylated probes were detected by an avidin-alkaline phosphatase conjugate (Dako, UK) as described The second method used a rabbit anti-biotin polyclonal antibody and an immunoperoxidase diaminobenzidine (DAB)-silver reaction to detect the biotinylated probe (Bhatt et al., 1988) . The slides were first washed in PBS then immersed in a 3% solution of hydrogen peroxide (Gibco) in industrial methylated spirits for 30 min to block endogenous peroxide activity. After a further wash in PBS, a 1/200 rabbit anti-biotin serum (Enzo, NY) was incubated on the sections for 30 min. This was washed off with PBS and the slides then incubated in 1/50 diluted peroxidase conjugated swine antirabbit immunoglobulin antibody (Dako) for a further 30 min. After washing, the sections were incubated for 5 min in a solution of 0.5 mg ml-' DAB that contained freshly added 5 pL ml ' 30% peroxide solution (Gibco). The goldsilver method was used to amplify the signal: the sections were incubated for 5 min in 0, 1% solution of sodium chloraurate (BDH) then a 0.1% solution of sodium sulphide (Gibco) (pH 7.3) for 5 min. After washing in PBS, a silver solution prepared from a kit supplied by Janssen (Belgium) was incubated on the section for approximately 12 min and the reaction monitored by light microscopy. The sections were variably counterstained with pyronin, dried and mounted in DPX. The advantage of this second method was that the signal was stronger and more easily identified in stromal cells for photographic purposes.
The percentage of Y chromosome positive cells was determined after counting 300 cells in each of five high power ( x 25) fields using an eyepiece graticule.
Results
The presence of a Y chromosome in a male cell was identified as a blue or black dot in the cell nucleus, usually near the nuclear membrane. In all control untransplanted female marrow biopsies examined, no evidence of a Y chromosome was seen in either haemopoietic or stromal cell elements. In all control untransplanted male marrow biopsies, a Y chromosome was easily identified in over 80% of the large rounded haemopoietic cells. It was often difficult, however, to ,detect the Y chromosome in the thin flattened nuclei of the various stromal cell types. Nevertheless, this could generally be resolved in most (52-62%) stromal cell nuclei after thin serial sections of the biopsy were examined.
Stromal cell origin
In all female hosts who had received a male marrow transplant, a Y chromosome indicating donor origin was never seen in cells of the stromal system; these included osteoblasts and osteocytes (Figure 1 ), endothelial cells (Figure 2) , adipocytes ( Figure 3) and fibroblasts in the marrow inter-stitial connective tissue and periosteum of the bone biopsies. Smooth muscle cells in the wall of small blood vessels were also negative for the Y chromosome. In all control untransplanted female marrow biopsies, all stromal cells were also entirely negative for Y chromosome. Conversely, in all male hosts transplanted with female marrow, a Y chromosome was always seen in osteoblasts, osteocytes, fibroblasts, adipocytes, and endothelial cells (Figure 4 ) in the marrow. After examination of serial sections, a Y chromosome could be resolved in 48-66% of stromal cell nuclei in each of the biopsies. This compared favourably with the average percentage of stromal cell nuclei containing a Y chromosome in control untransplanted male marrow biopsies. The reason why all stromal cell nuclei in the male marrow biopsies are not stained is uncertain but is probably {elated to the decalcification required for histological processing of bone biopsies as well as variations in time of fixation and the individual requirements for unmasking of nucleic acid by pepsin/HCl . Generally, where the biopsy specimen had been fixed for a prolonged period (more than 24 h), there was less Y chromosome detection; to some extent this was overcome by a longer period of proteolysis. Another important reason for the difficulty in observing the Y probe signal in stromal cells is simply the morphology of the cells themselves. All the stromal cells studied have thin elongated nuclei as in the case of osteocytes and adipocytes where the nucleus is compressed along one cell margin or in the case of osteoblasts and endothelial cells which are flattened cells lining the bone and blood vessel surface respectively. Given the above constraints, the possibility that low level stromal chimaerism has not been detected by this technique cannot be entirely excluded. Mixed haemopoietic chimaerism In all sex-mismatched marrow transplants, the haemopoietic elements in the marrow, including morphologically identifiable erythroid and myeloid precursors and megakaryocytes showed mixed donor/host chimaerism with a variable fraction of the cells containing a Y chromosome (Table I) . In general, haemopoietic cells in the more hypocellular marrow biopsies showed fewer cells of donor origin. In one extremely hypocellular female host marrow (UPN101) biopsied 26 days post-transplantatation, no Y chromosome was seen in the few haemopoietic cells present suggesting that the graft had not taken and the cells were of host origin. Similar cases (UPNl 85 and 109) biopsied 22 and 21 days posttransplantation showed that up to 60% of haemopoietic cells were of donor origin.
Discussion
This study has shown that cells of the stromal system (adipocytes, fibroblasts, osteoblasts, osteocytes and endothelial cells) are of host origin in marrow transplants. This suggests that engraftment of bone marrow stromal cell precursors does not occur and argues against the origin of stromal cells from a common haemopoietic/stromal stem cell. In contrast, as has been noted previously following allogeneic bone marrow transplantation (Thomas et al., 1975; Sparkes et al., 1977; Branch et al., 1975; Petz et al., 1987) , haemopoietic cells are a chimaera of both donor and host cell origin. The two main cellular systems in bone and marrow are the haemopoietic and stromal cell systems. It is generally believed that these two systems are distinct and do not arise from a common pluripotent stem cell (Owen, 1985) . Evidence for this has come largely from analysis of adherent 'stromal' cells in long-term cultures of bone marrow derived from allogeneic marrow transplant recipients in both animals (Friedenstein et al., 1978; Bentley et al., 1982; Chertkov et al., 1985; Perkins & Fleischman, 1988) and humans (Golde et al., 1980; Laver et al., 1987; Simmons et al., 1987) . However, similar studies in both humans (Keating et al., 1982; Piersma et al., 1983) and mice (Marshall et al., 1984) (Fialkow et al., 1980; Fialkow, 1983; Singer et al., 1984) . These results suggested that a common stem cell may exist for both haemopoietic and stromal cell lines.
One of the major limiting factors with these in vitro models is the uncertainty about the nature and origin of adherent stromal cells which form in long-term marrow cultures (Dexter, 1982; Tavassoli & Friedenstein, 1983 (Perkins & Fleischman, 1988 (Greenberger, 1986) .
Mixed haemopoietic chimaerism was found in early followup marrow biopsies in almost all cases studied; the single exception had an extremely hypocellular marrow with very few haemopoietic cells present. Indeed, the degree of mixed haemopoietic chimaerism appeared almost directly proportional to marrow haemopoietic cellularity. Extensive chimaerism was evident as early as three weeks posttransplantation in cases with normocellular marrows but was not well-developed in two cases where the haemopoietic elements were hypocellular. Mixed haemopoietic chimaerism has previously been reported after bone marrow transplantation by other investigators and in one study (Hill et al., 1986) , this feature was associated with a higher risk of graft rejection. As the reason for biopsy in several of our cases was suspected graft rejection, the chimaerism noted in the haemopoietic cells may be significant. However, it is not possible to make firm conclusions regarding the effect of mixed haemopoietic chimaerism on graft survival or rejection from the small number of cases investigated in this study.
